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Increased dietary salt accelerates chronic allograft nephropa- with subsequent return to dialysis. As suggested by Til-
thy in rats. ney et al, the term CAN is probably more accurate be-
Background. Chronic allograft nephropathy (CAN), a ma- cause both immunologic and nonimmunological factorsjor problem in renal transplantation, is related to both alloanti-
appear to play a role in this process [1, 2]. In the estab-gen-dependent and -independent processes. Because dietary
lished Fisher/Lewis model of CAN, retransplantation ofsalt intake modulated glomerular production of transforming
growth factor-b, which has been shown to play an important renal allografts back into syngeneic Fisher recipient rats
role in CAN, we hypothesized that dietary salt would directly more than 12 weeks after original transplantation did
enhance renal injury in a rodent model of CAN. not prevent the structural changes of CAN, suggestingMethods. Dietary NaCl was increased from 1.0% (normal)
that alloantigen-independent factors were important into 8.0% in a group of Fisher/Lewis rats 25 days following
progression of CAN [3].orthotopic renal transplantation and was continued until 16
weeks after transplantation. A prominent morphologic feature of CAN is fibrosis
Results. Blood pressure, which was recorded using radiote- with loss of nephron mass [4], but the pathologic mecha-
lemetry in the first eight-weeks post-transplantation, did not
nisms leading to fibrosis remain incompletely under-differ between the groups, but allograft recipients on the 8.0%
stood. Accumulation of extracellular matrix material inNaCl diet rapidly demonstrated increased urinary albumin ex-
cretion. Renal function determined by dynamic functional im- the allograft during the development of CAN suggests
aging was worse in allograft recipients on the 8.0% NaCl diet an abnormality in fibrogenesis and a pathogenetic role
by six weeks following transplantation. Histologic examination of transforming growth factor-b (TGF-b) [4]. Previous
at 16 weeks confirmed a significant increase in allograft damage
studies from our laboratory have shown that dietary saltin the 8.0% NaCl group compared with allografts from rats on
directly up-regulates TGF-b1, particularly in vascular en-1.0% NaCl diet. These findings included glomerulosclerosis
and tubulointerstitial injury that consisted of fibrosis, tubular dothelium, glomeruli, and tubules of normotensive rats
atrophy and dilation, intratubular casts, and tubular epithelial [5, 6]. Using the well-defined Fisher/Lewis rodent model
cell damage. Small arteries and arterioles did not show evidence of CAN, the present studies focused on the hypothesisof damage from hypertension or other abnormality.
that dietary salt directly accelerates development of CAN.Conclusions. In this model of CAN, renal allograft dysfunc-
tion preceded hypertension and was accelerated significantly
by an increase in dietary salt.
METHODS
Renal transplant model
A major challenge in kidney transplantation today is Kidney transplantation was performed as outlined pre-
chronic renal allograft rejection, which is also known as viously [7, 8], with modifications as described later in
chronic allograft nephropathy (CAN). Despite tremen- this article. Fifty-six male Lewis rats (Harlan-Sprague-
dous advances in immunosuppressive regimens, CAN Dawley, Indianapolis, IN, USA), weighing 225 to 275 g,
represents an important cause of loss of graft function were recipients of allogeneic kidney transplants from
inbred Fisher 344 donors (Harlan-Sprague-Dawley).
Animals were maintained on a normal 1.0% (wt/wt)Key words: renal transplantation, chronic rejection, kidney failure,
cyclosporine, immunosuppression, hypertension. NaCl diet (AIN-76A; Dyets, Inc., Bethlehem, PA, USA)
and water ad libitum for two weeks before initiation ofReceived for publication September 22, 1999
the study. Ethrane (Enflurane USP Inhalation Anes-and in revised form September 14, 2000
Accepted for publication September 22, 2000 thetic; Abbot Laboratories, North Chicago, IL, USA),
5% (vol/vol) of inspired oxygen, was used to induceÓ 2001 by the International Society of Nephrology
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Fig. 1. Outline of the experimental protocol.
Rats (N 5 8 in each group) were maintained
on the 1.0% (wt/wt) NaCl diet for two weeks
prior to the living-related donor (LRD) trans-
plant. Cyclosporine was administered in stan-
dard fashion for 10 days after transplantation,
followed by left native nephrectomy and inser-
tion of a transducer to record blood pressure.
After an additional two weeks, dietary salt was
increased to 8.0% (wt/wt) NaCl in one group
of allograft recipients. Observation continued
until 16 weeks after transplantation.
anesthesia of donor animals and was maintained at 2.5% nylon. The anastomosis was approximately 5 mm ante-
rior to the recipient LRV. The ureter was anastomosed(vol/vol). After a 2 mL bolus of 0.9% (wt/vol) NaCl was
administered intravenously, laporotomy was performed, end to end over a 3 mm PE-10 polyethylene stent using
four to six interrupted sutures. Warm ischemia time,and the abdominal contents were carefully removed
from the field. The adrenal and testicular vessels and which was the time required to complete both arterial
and venous anastomoses, was maintained consistently atsuperior mesenteric artery were then dissected and di-
vided. Heparin (300 units) was injected intravenously, approximately 22 to 25 minutes. Postoperatively, the ani-
mals were given 2 mL of 0.9% (wt/vol) NaCl in theand an intravenous catheter was secured in the aorta.
The kidneys were perfused at 90 mm Hg with 10 to abdominal cavity and placed under a heating lamp to
recover from the anesthesia.15 mL of chilled Ringer solution containing heparin,
10 U/mL. The kidneys were rapidly divided from the Sham-operated rats were uninephrectomized and sub-
jected to the same conditions, except for transplantationrenal bed en bloc and then placed in ice-cold saline and
dissected and prepared for transplantation. A portion of of the left kidney. Transplanted and sham-operated ani-
mals received 5 mg/kg cyclosporine (Sandoz Pharma-vena cava attached to the left renal vein (LRV) was
retained to facilitate subsequent anastomosis to the infe- ceuticals Corporation, East Hanover, NJ, USA) orally
administered daily for 10 days starting the day after trans-rior vena cava (IVC).
To perform the orthotopic renal transplant, recipient plantation (Fig. 1). A group of sham-treated animals
also did not receive cyclosporine. On the 11th day afterrats were anesthetized using Ethrane and then shaved
and prepped with betadine. Once satisfactory anesthesia transplantation, transplanted and sham-operated rats
were anesthetized with Ethrane, and right native ne-was established using Ethrane 5% (vol/vol) of inspired
oxygen, the concentration of Ethrane was reduced to phrectomy was performed. To permit continuous moni-
toring of arterial pressure in the unrestrained and unse-2.5% (vol/vol). A 2 mL bolus of 0.9% (wt/vol) NaCl was
administered intravenously, and an incision was made dated state, blood pressure was recorded telemetrically
[9]. At the time of right native nephrectomy, a flexiblefrom approximately 1 cm superior to the symphysis pubis
to the tip of the xyphoid process. The abdominal organs catheter was secured in the aorta and attached to a radio-
transmitter that was sutured to the abdominal wall. Fol-were retracted to the right to allow access to the retro-
peritoneum. The left renal artery (LRA) and LRV were lowing recovery from anesthesia, animals were housed
individually in standard light/dark cycles and allowedidentified and dissected. The LRA was clamped at the
junction to the aorta; then the LRV was ligated, and free access to the 1.0% (wt/wt) NaCl diet (AIN-76A)
and water. Each cage was placed under a receiver panelboth were divided separately. The left ureter was divided
even with the lower edge of the pole of the left kidney. that was connected to a personal computer for storage
of data obtained using the Dataquest IV system (DataThe kidney was then removed, and hemostasis was ob-
served. An incision was made in the front wall of the Sciences, Inc., St. Paul, MN, USA), which recorded mean
arterial pressures every two minutes. These data wereIVC proportionate to the opening of the donor IVC.
This area was washed with 0.9% (wt/vol) NaCl. The left averaged to produce a single mean arterial pressure for
each 24-hour period. Blood pressure determination con-donor kidney was wrapped in ice-cold sterile gauze and
placed orthotopically in the left kidney bed of the recipi- tinued until the system no longer provided reliable data.
Two weeks after completion of the cyclosporine treat-ent. An arterial end-to-end anastomosis was accom-
plished using approximately eight interrupted sutures of ment, dietary salt intake was then modified. Diets (AIN-
76A; Dyets) were identical in composition, except that10-0 nylon. An end-to-side anastomosis was performed
between the segment of donor IVC and the front wall the amount of sucrose was decreased to increase the
content of NaCl from 1.0% (wt/wt) to 8.0% (wt/wt)of the recipient IVC using continuous suture of 10-0
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Table 1. Whole animal data for rats maintained on different salt diets following renal transplantation
Urinary sodium Urinary albumin
Weeks Body weight Urinary flow rate excretion rate excretion rate
post-transplant Group g lL/min/100gBW neq/min/100gBW lg/min/100gBW
3 Allo-1.0% 33368 7.060.9 310648 9.962.4
Allo-8.0% 319618 11.263.8 317656 15.362.9
6 Allo-1.0% 385612 4.660.3 384680 5.160.7
Allo-8.0% 356619 25.365.6a 50416446a 64.7619.4a
10 Allo-1.0% 420616 3.960.4 502646 2.460.3
Allo-8.0% 40268 9.961.6a 22866365a 136.0652.5a
15 Allo-1.0% 464615 2.960.2 431625 4.661.3
Allo-8.0% 436610 10.263.8a 16876299a 215.0684.9a
Dietary salt was increased after the third week post-transplant. BW is body weight.
a P , 0.05, when compared to results obtained from the group receiving the 1.0% (wt/wt) NaCl diet
of allograft function and the ability to characterize seri-
ally the changes in renal blood flow and tubular function
using one technique. This approach also allowed demon-
stration of normal ureteral flow and function. Imaging
acquisition started upon intravenous injection of 99mTc-
MAG3 (22 MBq) and included collection of 60 frames
at a rate of 30 seconds per frame. Because the entire rat
was imaged, the percentage of dose in the kidney and
bladder over 30 minutes was determined. For each rat,
the following parameters were calculated: two-minute
renal uptake, peak renal uptake as a percentage of dose,
time in minutes to reach the peak renal accumulation,
renal peak-to-20-minute ratio, and bladder accumulationFig. 2. Mean blood pressure was recorded continuously in the unre-
over 20 minutes. The rats were imaged with an Angerstrained state using telemetry. Rats (N 5 10) were equilibrated with
the 1.0% (wt/wt) NaCl diet until 3.6 weeks after renal transplantation, 420/550 Mobile Radioisotope Gamma camera (Tech-
when dietary salt was either increased to 8.0% (wt/wt) NaCl ( ) or nicare, Solon, OH, USA) equipped with a pinhole colli-maintained as 1.0% (wt/wt) NaCl (s).
mator. During imaging, the rats were maintained using
Ethrane anesthesia and positioned in dorsal recumbency
with the legs extended from the body. Images were pro-
NaCl. These standardized diets were based on early stud- cessed on a Pegasys processing system (ADAC Labora-
ies of blood pressure and renal function in rats [10, 11] tories, Milpitas, CA, USA) using a standard region of
and have been used by us in several studies [5, 6, 12–17]. interest analysis. Regions of interest included liver, left
Groups of age-, weight-, and gender-matched Lewis rats, kidney, and bladder.
termed normal (N) rats, were not surgically manipulated
Histologyand served as controls. One group of N rats received
cyclosporine. The rats were given both diets for the same At termination, kidneys were isolated, fixed in phos-
time period as the allograft recipients. Animals were phate-buffered 10% (vol/vol) formalin (Sigma Diagnos-
maintained a total of 16 weeks after transplantation. tics, St. Louis, MO, USA), and embedded in paraffin.
At defined time points after transplantation, rats were Representative thick (0.5 cm) sections were cut along
placed in metabolic cages to collect a 24-hour urine for the entire face (1.0 cm) of the kidney to include both
subsequent analysis. outer cortex and inner medulla regions. Thin sections
(5 mm) were cut, dehydrated, and examined by light
Nuclear imaging analysis microscopy following staining with hematoxylin and eo-
On weeks 6 and 16 post-transplantation, dynamic 99mTc- sin (H&E) and trichrome. A semiquantitative glomeru-
MAG3 (Central Pharmacy, Birmingham, AL, USA) im- lar chronicity index was created, based on expansion of
aging studies were conducted to evaluate renal function the mesangium. The scoring system ranged from 0 to 41,
of the allograft recipients. This method was chosen be- with 0 representing a normal glomerulus; 11, mesangium
cause radionulide imaging scans are routinely used to comprising 10 to 25% of total glomerular surface area;
evaluate allograft function in patients, our previous work 21, mesangium comprising 26 to 50% of total area; 31,
mesangium comprising 51 to 75% of total area; and 41,suggesting this approach is useful in long-term studies
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mesangium comprising 76 to 100% of total area or being
completely sclerosed. Twenty-five glomeruli from each
kidney were scored and averaged to produce the semi-
quantitative Glomerular Chronicity Index for each kid-
ney. A semiquantitative Tubulointerstitial Chronicity In-
dex was also generated and was based on the amount
of fibrosis, tubular atrophy and dilation, and tubular casts
present in the interstitium of the kidney, which was ex-
amined at 310 magnification. The scoring system ranged
from 0 to 41, with 0 representing a normal appearance;
11 representing 1 to 25% of the area involved; 21 repre-
senting 26 to 50% of the area involved; 31 representing
51 to 75% of the area involved; and 41 representing 76
to 100% of the area involved.
Analytical methods
An enzyme-linked immunosorbent assay (ELISA) was
used to determine urinary albumin excretion, as de-
Fig. 3. Urinary albumin excretion rate determined periodically after scribed previously [13]. Briefly, wells of a microtiter plate
transplantation using an ELISA for rat albumin. At three weeks after (Immuno Plate Maxisorp; Nunc, Kamstrup, Denmark)transplantation, both groups of allograft recipients (N 5 4 per group)
were coated with 300 mL of affinity-purified goat anti-ratwere on the 1.0% (wt/wt) NaCl diet, and mean urinary albumin excre-
tion did not differ. By six weeks after transplantation, rats had been albumin antibody (ICN, Aurora, OH, USA), 2.5 mg/mL
on the 8.0% (wt/wt) NaCl diet almost three weeks. *P , 0.05 when in PBS, and incubated overnight at room temperature.allograft recipients in the 8.0% (wt/wt) NaCl group (j) were compared
Wells were washed three times with 0.05% (vol/vol)with allograft recipients in the 1.0% (wt/wt) NaCl group (h).
Tween 20 in PBS, incubated in 1% (wt/vol) ovalbumin
(Sigma Chemical Co.) in PBS for one hour, and then
washed three times with 0.05% (vol/vol) Tween 20 in
Table 2. Whole animal data for normal (N) and sham-treated (S) rats maintained on the two salt diets along with cyclosporine (CsA)
Urinary sodium Urinary albumin
Weeks Body weight Urinary flow rate excretion rate excretion rate
post-transplant Group g lL/min/100gBW neq/min/100gBW lg/min/100gBW
6 N-1.0% 412621 1.760.1 470648 0.0360.01
N-8.0% 378619 7.460.5a 31136232a 0.1660.04a
N-1.0%1CsA 40863 2.260.5 530626 0.0860.01
N-8.0 1CsA 38867 6.860.9a 28046354a 0.1860.02a
S-1.0% 38268 1.860.1 556626 0.0760.01
S-8.0% 41169 7.960.8a 27206156a 0.2060.06a
S-1.0%1CsA 378613 2.160.2 461629 0.0760.01
S-8.0%1CsA 40264 9.360.5a 31386303a 0.1760.04a
10 N-1.0% 468611 1.660.2 451646 0.1660.04
N-8.0% 406626 5.661.0a 23196495a 0.4660.06a
N-1.0%1CsA 48267 2.160.4 405610 0.2160.06
N-8.0%1CsA 449612 7.260.8a 29336269a 0.5960.04a
S-1.0% 452610 1.860.1 475638 0.1860.04
S-8.0% 478613 6.660.9a 23566531a 0.3060.10
S-1.0%1CsA 411626 2.260.3 439623 0.1760.04
S-8.0%1CsA 43365 8.061.0a 29096415a 0.3060.06
15 N-1.0% 534623 1.160.1 261625 1.4760.18
N-8.0% 477611 5.560.7a 22606262a 4.5760.54a
N-1.0%1CsA 51263 1.760.2 377655 0.9960.08
N-8.0%1CsA 501623 6.060.8a 24186276a 5.0660.61a
S-1.0% 497615 1.660.2 360659 1.4460.21
S-8.0% 480621 4.760.4a 17126163a 4.0860.31a
S-1.0%1CsA 436630 2.060.0 369631 1.7460.07
S-8.0%1CsA 47266 6.460.3a 25056138a 5.4560.31a
N 5 4 in each group. Dietary salt was increased after the third week of study.
a Values that were greater (P , 0.05) than corresponding group on 1.0% NaCl diet
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with standard post hoc testing (Statview, version 5.0;
SAS Institute, Inc., Cary, NC, USA), where appropriate.
In order to make use of the normality assumption, data
from the nuclear imaging studies underwent log transfor-
mation before analysis. A P value , 0.05 assigned statis-
tical significance.
RESULTS
Whole animal data
The experimental protocol proceeded as outlined
(Fig. 1). Dietary salt was increased 25 days after trans-
plantation, two weeks after the placement of the blood
pressure transducer. Mean body weights, urinary flow
rates, and urinary sodium excretion rates are shown
(Table 1). As expected, rats on the 8.0% (wt/wt) NaCl
diet demonstrated consistent increases in urinary flow and
sodium excretion rates over the course of study. Mean
arterial pressure was also monitored in the unrestrained
and unsedated state continuously using telemetry for
two weeks before institution of the diets (days 11 through
25 post-transplant) and for over four weeks after the
diets were begun (Fig. 2). Mean arterial pressure did not
differ between the groups during the period of observa-
tion and was not increased for up to eight-weeks post-
Fig. 4. Representative examples of two nuclear medicine studies ob- transplant. These values were similar to the mean arterial
tained at 16 weeks (almost 13 weeks on the high-salt diet). The renal pressure of sham-treated (range, 102 6 7 to 122 6content (m) and appearance in the bladder (d) of 99mTc-MAG3 was
5 mm Hg) and normal (range, 103 6 14 to 116 6examined in transplanted rats maintained on either the 1.0% (wt/wt;
A) or 8.0% (wt/wt; B) NaCl diets. 5 mm Hg) rats on the 8.0% (wt/wt) NaCl diet, with
no trend relative to duration of the high-salt diet, and
reported values in rats on 0.3% (wt/wt) NaCl diet [12].
PBS. One hundred fifty microliters of duplicate samples
Albumin excretion dataof urine diluted 1:10 and 1:30 in PBS, followed by 150 mL
By ELISA, albumin excretion rates were determinedof PBS containing biotinylated rat albumin, 50 mg/mL,
at various time points during the study (Table 1). Despitewere added to the wells that were incubated for one hour
an absence of any change in blood pressure, allograftat 258C. After washing three times with 0.05% (vol/vol)
recipients on the 8.0% (wt/wt) NaCl diet demonstratedTween 20 in PBS, 300 mL of alkaline-phosphatase-conju-
an increase in albumin excretion by 6 weeks after trans-gated extravidin (Sigma Chemical Co.), diluted 1:1000
plantation or 18 days following institution of the diet.in PBS, were added. The wells were incubated for 30
Albumin excretion increased progressively in this groupminutes at 258C and then washed three times with
over the course of study (Fig. 3). Over the same time0.05% (vol/vol) Tween 20 in PBS. Finally, 300 mL of
period, groups of uninephrectomized sham-treated (S)p-Nitrophenyl phosphate Liquid Substrate System
rats and unmanipulated N rats received 1.0% (wt/wt) or(Sigma Chemical Co.) was added. Optical density of the
8.0% (wt/wt) NaCl diets. To determine whether cyclo-wells was recorded using a microplate reader (Versamax;
sporine played an important role in disease progression,Molecular Devices Corp., Menlo Park, CA, USA) at
half of these animals in each group received the 10-day450 nm. A standard curve using rat albumin (0 to
course of cyclosporine (Table 2). The high-salt diet in-300 mg/mL) in PBS was generated simultaneously with
creased albumin excretion in both N and S rats, regard-the samples to calculate the results. Concentrations of
less of administration of cyclosporine. Cyclosporine, whichsodium in urine were determined using a flame photome-
was administered two weeks prior to the change in diets,ter (Model IL-943; Instrumentation Laboratories, Inc.,
did not by itself increase urinary albumin excretion rates.Lexington, MA, USA).
Nuclear medicine functional studiesStatistical analysis
99mTc-MAG3 imaging was used to quantitate renalAll data are presented as mean 6 SE. Significant dif-
function at 6- and 16-weeks post-transplantation. Repre-ferences among other data sets were determined using
either the unpaired t test or one-way analysis of variance sentative renal scans of normal and compromised allo-
Sanders et al: Dietary salt enhances chronic rejection1154
Fig. 5. Summary of nuclear imaging results
obtained 6- and 16-weeks post-transplant in
rats (N 5 4 per group) maintained on either
the 1.0% (wt/wt) or 8.0% (wt/wt) NaCl diets.
Analyses included renal uptake at two min-
utes (A), the time to peak uptake (B), the
peak uptake (C ), and the 20-minute bladder
content (D) of 99mTc-MAG3. *P , 0.05 when
animals in the 8.0% (wt/wt) NaCl group (j)
were compared with those in the 1.0% (wt/wt)
NaCl group (h).
grafts were shown (Fig. 4). By six weeks, rats had been phy and dilation, and intratubular casts were readily
identified in these kidneys. The mean glomerular chro-on the high-salt diet for almost three weeks. While the
nicity index (Fig. 7) of allografts from rats on the 8.0%two-minute uptake of 99mTc-MAG3 did not differ, sug-
(wt/wt) NaCl diet (2.2 6 0.3) was greater (P , 0.05)gesting that perfusion of the kidneys was similar between
than that seen in allografts from rats on the 1.0% (wt/wt)the groups, animals on the 8.0% (wt/wt) NaCl diet dem-
NaCl diet (1.4 6 0.1). The mean glomerular chronicityonstrated impaired renal function with prolongation of
indices of allografts recovered from rats on both dietsthe mean time-to-peak renal concentration and maxi-
were greater (P , 0.05) than mean indices of the othermum peak uptake of the 99mTc-MAG3 compared with
eight groups of rats examined (Table 3). The mean tubu-rats on 1.0% (wt/wt) NaCl diet (Fig. 5). In addition, the
lointerstitial chronicity index (Fig. 7) of allografts fromamount of tracer appearing in the bladder 20 minutes
rats on the 8.0% (wt/wt) NaCl diet (2.0 6 0.7) was alsoafter injection was less (P , 0.05) in rats on the 8.0%
greater (P , 0.05) than that seen in allografts from rats(wt/wt) NaCl diet compared with rats on the 1.0%
on the 1.0% (wt/wt) NaCl diet (0.25 6 0.25; Fig. 7).(wt/wt) NaCl diet. These same significant (P , 0.05)
The mean tubulointerstitial chronicity index of allograftsdifferences were also identified on the 16-week scans
from rats on the 1.0% NaCl diet did not differ from the(Fig. 5). Nuclear imaging of allograft recipients on the
other eight groups, which showed no significant abnor-1.0% NaCl diet displayed scans that were similar to those
malities of the tubulointerstitium and had indices equalobtained from sham and normal rats on the 8.0% (wt/
to 0. Small focal areas of mononuclear cell infiltrationwt) and the 1.0% (wt/wt) NaCl diets (data not shown).
were present in all allografts. The small arteries and
preglomerular arterioles of the allografts from rats onHistology
both diets did not exhibit evidence of arteriolosclerosis.
Histologic examination of allografts at the end of the
study (16-weeks post-transplantation) exhibited signifi-
DISCUSSIONcant damage in those transplanted kidneys exposed to
the high-salt diet (Fig. 6). Glomerulosclerosis and tubu- Recent evidence has shown that the pathogenesis of
CAN involves both antigen-dependent processes and non-lointerstitial changes consisting of fibrosis, tubular atro-
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Fig. 6. Light micrograph demonstrating the histologic (Trichrome stain) appearance of allografts from rats maintained on either the 1.0% (wt/wt)
NaCl (A) or the 8.0% (wt/wt) NaCl diet (B). This histologic section of the allograft from the rat that received the 8.0% (wt/wt) NaCl diet
demonstrated mesangial expansion and sclerosis of the two glomeruli (G) in this field. In addition, advanced tubulointerstitial injury with dilated
tubules, epithelial cell damage, and intraluminal cast formation was readily evident. The black bar represents 500 mm.
Fig. 7. Chronicity indices of both the glomer-
ular (A) and tubulointerstitial (B) compart-
ments were determined in allografts (N 5 4 per
group) 16 weeks following renal transplanta-
tion. *P , 0.05 when animals in the 8.0%
(wt/wt) NaCl group (j) were compared with
those in the 1.0% (wt/wt) NaCl group (h).
immunological factors. Using the standardized Fisher/ donor characteristics, ischemia/reperfusion injury, drug
nephrotoxicity, hypertension, and decreased functionalLewis transplant model of CAN, Tullius et al demon-
strated that removal of allografts 12 weeks after initial renal mass [18]. Our present study focused on dietary
salt per se as another nonimmunological element, whichimplantation and retransplantation back into the strain
of origin (Fisher rats) did not abate the morphologic potentiates CAN. Diamond et al demonstrated that sig-
nificant albuminuria, depressed renal function, and histo-features of CAN. The authors concluded that antigen-
independent factors were therefore involved in this pro- logic changes consistent with CAN occurred 24 weeks
after transplantation in the Fisher/Lewis transplantcess [3]. As reviewed by Tilney, these factors included
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Table 3. Mean glomerular chronicity indices of the ten groups of and protein levels of TGF-b1 in the glomerulus, tubules,
rats in the present study and vascular endothelium of normotensive Sprague-
Number Glomerular chronicity Dawley rats. These findings occurred independently of
Group of rats index changes in systemic blood pressure [5, 6]. Increasing re-
Allo-1.0% 4 1.4360.013a nal expression of TGF-b1 by dietary salt may enhance
Allo-8.0% 4 2.2460.31b the fibrogenetic process associated with CAN and pro-N-1.0% 4 0.5360.17
duce the accelerated renal damage seen in this study.N-1.0%1CsA 4 0.6360.14
S-1.0% 4 0.5560.15 The interaction between dietary salt and cyclosporine
S-1.0%1CsA 4 0.3960.14 deserves comment. Chronic treatment of rats with cyclo-
N-8.0% 6 0.5960.24
sporine (15 mg/kg/day) produced increases in steady-N-8.0%1CsA 4 0.2160.04
S-8.0% 6 0.5960.24 state mRNA levels of TGF-b1 along with histologic
S-8.0%6CsA 4 0.6460.20 changes that included arteriopathy, proximal tubular epi-
a Greater (P , 0.05) than mean data of the other groups in the study, except thelial cell injury, and interstitial fibrosis. These changes
allo-8.0% were enhanced in rats on a sodium-depleted (0.05% so-b Greater (P , 0.05) than mean data of the other nine groups of rats in the
study dium or 0.06% NaCl) diet [19–21]. However, the role of
salt loading in cyclosporine-induced renal damage has
not been examined. In the present study, allograft recipi-
ents, S rats, and N control rats received a short coursemodel [7]; our unpublished observations agreed with
of low-dose cyclosporine (5 mg/kg/day for 10 days) twothese findings. Using this same model, the current series
weeks before the institution of the high-salt diet. Whileof experiments showed that a high-salt intake rapidly
an effect of dietary salt on albumin excretion was ob-
produced renal damage manifested by albuminuria and served in both S and N rats, the addition of the short
altered renal function by six weeks after transplantation course of cyclosporine treatment did not enhance albu-
compared with those animals on 1.0% (wt/wt) NaCl diet. minuria. The arteriopathy associated with cyclosporine
At 16 weeks, allografts from rats on the high-salt diet nephrotoxicity was not identified in any of the trans-
showed substantial degrees of glomerulosclerosis and planted kidneys or in kidneys from sham-treated rats.
tubulointerstitial scarring compatible with CAN. Allo- Thus, a role for cyclosporine in salt-induced damage of
grafts from rats on 1.0% (wt/wt) NaCl diets demon- the allograft in the present study seems unlikely.
strated less albuminuria and better renal function at ev- Although renal histology did not demonstrate signifi-
ery time point in the study, as well as less histologic cant abnormalities at 16 weeks, modest degrees of albu-
evidence of renal damage at 16 weeks. Thus, increased minuria in N rats, which had two kidneys, and S rats,
dietary salt intake may be considered as another antigen- which had only one kidney, developed following institu-
independent factor that is capable of accelerating devel- tion of the high-salt diet. Early studies by Meneely and
opment of CAN. Ball demonstrated a substantially increased mortality in
The mechanism by which dietary salt accelerated renal Sprague-Dawley rats on 8.0% (wt/wt) NaCl after 16
injury in CAN was not determined in this study. Interest- months on this diet [22]; at autopsy, renal damage was
severe. Thus, renal injury even in normal animals is ex-ingly, albumin excretion rates and renal function deterio-
pected following a protracted period of time on a dietrated within three weeks on the high-salt intake and at
high in salt content, and albuminuria represented an earlya time when blood pressure was not elevated (Fig. 2). In
consequence of injury presumably to the glomerulus.addition, arterial and arteriolar changes of hypertension
In summary, dietary salt had a profound effect on thewere not evident at 16 weeks. Although previous experi-
renal allograft. An increase in dietary salt intake rapidlyence with this high-salt diet suggested that blood pressure
accelerated the renal injury associated with CAN, asdid not increase in normal rats under study [5, 6, 12–17],
manifested by albuminuria, diminished renal function,it was somewhat surprising that an increase in blood
and histologic evidence of glomerular and tubulointersti-pressure was not observed in these transplanted animals
tial scarring. These findings developed without an initialearly in the course. However, the combined blood pres-
increase in blood pressure and in the absence of hyper-sure and histologic data showed that the initial detrimen-
tensive vascular changes in the kidney. Vascular lesionstal renal effect of dietary salt did not require a concomi-
suggestive of CAN were not observed and perhaps weretant increase in arterial pressure.
related to the short time frame of the present study. TheCertainly, fibrogenesis plays a central role in CAN.
hope is that these studies will prompt similar investiga-Shihab et al demonstrated a time-dependent increase in tions in human transplant recipients.
expression of extracellular matrix proteins in the allo-
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